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Introduction
NASA's Evolutionary Xenon Thruster (NEXT) is engineered to be extremely flexible in terms of input power and specific impulse, while maintaining acceptable efficiency, and embodies a number of advances over previous ion engine systems. Some of its operating characteristics are being examined in detail in a study conducted in a test facility at The Aerospace Corporation (Ref. 1). The work is performed under the umbrella of a Space Act Agreement, with NASA participation in readying and operating the hardware under test.
The NEXT throttle table was developed for missions outside of Earth orbit, and incorporates 40 levels to account for varying solar power with sun-spacecraft separation. Prior to this work, thrust has been estimated from terminal parameters and available plume data. Recent plume measurements at The Aerospace Corporation have improved the fidelity of those estimates(Ref. 2), however direct thrust measurements are needed for benchmarking.
The majority of thrust measurements reported in the electric propulsion literature have been made indirectly, by measuring deflection of the mechanism to which the thruster is mounted, and converting that deflection to thrust through some suitable calibration. The mechanism is generally a pendulum, either standard (Refs. 3 to 7), inverted (Refs. 8 to 10), or torsional (Refs. 11 to 14), and calibration is accomplished through application of a set of weights. By contrast, high thrust chemical engines are generally tested with load cells (e.g. Ref. 15 ). The availability of load cells with sufficient sensitivity permitted their introduction by Crofton (Ref. 16) and Brady (Ref. 17) to low thrust measurement applications. Advantages conferred through the use of load cells are high accuracy over a wide measurement range due to their high degree of linearity, the limiting of thrust stand motion to very small values, and prompt readings. With regard to the latter, there is no need for time-consuming force-displacement calibrations, during which thermal drift may introduce uncertainty into the measurement. The use of load cells for low thrust measurements has been demonstrated in References 18 to 20, and is the method adopted here to measure thrust due to ion beam extraction. However, the sensitivity required to accurately measure thrust during operation without ion beam extraction (cold flow and "discharge only") exceeded the capability of the load cell, and those measurements were made using an inclinometer along with a set of calibration weights.
Test Apparatus
Measurements were performed in a 2.4-m diameter by 9.8-m long cryopumped vacuum chamber with the thruster oriented along the chamber centerline. Two re-entrant pumps were on the end-dome behind the thruster, two more re-entrant pumps were in the beam dump region, and four 1.3-m cryotubs were mounted on the cylindrical wall of the tank adjacent to the thruster. The base pressure with no gas load was less than 1×10 -7 torr, with 90 percent of the residual gas being water vapor, and the remainder being air and hydrocarbons. The beam dump was lined with carbon composite sheets and flexible graphite to minimize the yield of sputtered material. Lab power supplies and a lab propellant feed system were used to operate the PM1R prototype model thruster. Background pressure was measured by an ionization gauge located on the tank wall adjacent to the thruster. With an 1800-V, 3.52-A beam the xenon pressure was 3.6×10 -6 torr, applying the correction factor of 0.348 specified by the gauge manufacturer for xenon relative to nitrogen. The effective pumping speed for this condition was 2.1×10 5 liter/s, well in excess of the roughly 1.4×10 5 liter/s needed to ensure that the rate of ingestion of background gas was less than 1 percent of the propellant supply flow. Figure 1 shows the main features of the thrust stand, consisting of a standard pendulum with a hardened steel knife edge pivot, counterweight, high precision inclinometer (Rieker Electronics model SB1U), and eddy current damper. The pivot is shown more clearly in Figure 2 , and the gas and electrical connections are shown in Figure 3 . Electrical power was carried by highly flexible, finely stranded, PVC insulated 22 AWG wires. Multiple wires were used so that the maximum current per wire was 1.75 A. The eddy current damper consisted of an aluminum plate suspended below the thruster on an aluminum rod. The plate swung through the gap between the 2 in. high by 4 in. wide (5.1-by 10.2-cm) poles of a permanent magnet assembly consisting of two pairs of NdFeB magnets. The damping force was enhanced by arranging the pairs (design by Dura Magnetics, Inc.) to produce a field reversal at the center of the assembly. By experimentation it was found that a 0.025 in. (0.64 mm) thick aluminum plate provided nearly critical damping at a gap such that the maximum magnetic field magnitude at the center of the gap was 0.33 T. Perhaps due to the action of the damper, there was no detectable effect of facility vibration on the output of the inclinometer or load cell.
The load cell (Transducer Techniques GSO-30) was mounted to a translation stage and connected to the back of the thruster, at thruster centerline, by a length of 50-lb test braided fishing line (Fig. 4) . Thrust was measured by translating the load cell until the tension in the line exceeded the anticipated thrust. This was done while running the neutralizer and main discharge, but without ion beam extraction ("discharge only" mode). The difference in line tension created by energizing the grids yielded a measurement of thrust due to ion beam extraction. Multiple measurements were obtained in relatively short time by cycling the grid voltages. This strategy sought to minimize thermal drift of the thrust stand by obtaining prompt readings (typically, the switching transient died out within 10 to 15 sec, and a steady reading was recorded for 1 to 2 min), and by minimizing the change in currents and power to the thruster.
The load cell sensitivity was not adequate to accurately measure thrust in "discharge only" mode, or with cold flow alone. However, by adjustment of the counterweights it was possible to obtain those measurements using the inclinometer. 
Analysis and Calibration
The diagram shown in Figure 5 was used to determine the relations needed to reduce the raw data for thrust due to ion beam extraction. The pendulum is shown inclined by an angle θ (positive sense as shown) from the vertical. The mass distributed above the pivot (m cw ) is assumed to be concentrated at some location that we will call the counterweight center of mass, and that below (m T ) at a location we will call the thruster center of mass. The blue line represents the braided line connecting the load cell (marked "s" for "sensor") to a stud protruding from the back of the thruster, on thruster centerline. The red line represents a monofilament connecting the thruster to a calibration weight strung over a pulley. The location of the top of the pulley is marked "c" (for "calibration") and the point of attachment to the thruster is at the height of the thruster centerline, but offset in the horizontal plane (Fig. 4) . The thrust stand is insensitive to such an offset. For thrust measurements the monofilament was absent, and summing moments about the pivot (at steady state,
where F T is thrust, assumed to act normal to the grid surface at thruster centerline, F S is the tension in the braided line, ΣM e represents moments due to the gas and electrical connections, and g is the acceleration due to gravity at sea level. The counterweight was set so that the magnitudes of θ and φ were at most 0.5 and 1.5° respectively, and the small angle approximations (cosφ = cosθ = 1, sinφ = φ, sinθ = θ) are valid.
If we further neglect terms that are second order in θ, and neglect δL F θ relative to δD S (δ is the vertical offset between the load cell and thruster centerline), Equation (1) becomes:
δ is nominally zero, and will be important only in the uncertainty analysis. F T was determined by writing Equation (2) once with ion beam extraction, once without, and subtracting. This procedure would have been relatively simpler if the inclination, θ, was constant with and without ion beam extraction. In practice it was found to vary by a very small amount (0.002° to 0.013°), but large enough to require inclusion in the analysis. This variation, corresponding to linear displacements from approximately 7.7×10 -4 to 5.0×10 -3 in. (0.02 to 0.13 mm), arose roughly in equal parts from stretch in the braided line and in the strain-gauge based load cell. In any case, subtraction of Equation (2) with beam extraction from Equation (2) without beam extraction yields:
where ∆ indicates a difference in two readings, θ avg is the average inclination, and ΣM e is assumed constant over the very small variation in θ. In order to arrive at this form it was necessary to assume the following:
where F S1 and F S2 are readings with and without beam extraction respectively. The validity of this assumption will be demonstrated shortly.
Equation (3) shows that in addition to load cell and inclinometer calibrations, knowledge of the mass properties of the pendulum was needed to calculate thrust. The arrangement shown in Figure 4 was used, at ambient conditions, to calibrate the mass properties. Simulating a thrust measurement, the load cell was translated to produce tensions in the braided line slightly in excess of the desired simulated thrusts, then weights were hung from the monofilament line, relieving tension in the braided line. With reference to Figure 5 , summing moments about the pivot at steady state yields: 
where F C is the tension in the monofilament line. After applying the small angle approximations (magnitude of α was less than 0.5°), neglecting terms that are second order in θ, and neglecting δL F θ relative to δD S and δD C , Equation (5) becomes:
As before, we write Equation (6) twice and subtract, yielding:
To arrive at this form it was necessary to assume:
The right hand side (RHS) of Equation (7) involves the difference (∆F C and ∆F S are of opposite sign) of two nearly equal numbers, resulting in large uncertainty in the calculated mass properties. Therefore, 84 measurements were averaged, yielding a value of 8.6×10
3 mN for the left hand side (LHS) of Equation (7), and thereby a value of 4.8×10 5 mN-cm for the RHS of Equation (8) (L F = 56.4 cm). The LHSs of Equation (8) have a maximum value of 3.8×10 3 , validating Equations (4) and (8) . The inclinometer was calibrated under vacuum, with the thruster operating, by displacing the thruster known amounts using a rod attached to a linear translation stage. The load cell was calibrated (Fig. 6 ) at ambient conditions with a series of 7 weights ranging from 2.5 to 24.5 g (24.6 to 241 mN), spanning the nominal throttle table thrust range (25.6 to 236.4 mN). The load cell and inclinometer were heated and controlled to their ambient operating temperatures while under vacuum.
Calibration for cold flow and "discharge only" thrust measurements was performed under vacuum with the set-up shown in Figure 7 . This is the familiar arrangement in which a series of weights was lowered by a motor over a pulley and the response of the stand (in this case a change in inclination) was recorded. Ten 51 mg washers were used as calibration weights.
Results

Discharge Only, Cold Flow
We will attempt to model the thrust produced by the neutral gas flowing from the discharge chamber of an ion thruster under the condition of zero input power using an expression of the form:
where F cf is the cold flow thrust, C cf is a factor that accounts for off-axis flow, ṁ d is the discharge chamber mass flow rate, and c is the mean thermal speed of the neutrals, given by:
where k is Boltzmann's constant, T n is the neutral gas temperature, and m n is the gas molecular mass. (11) where ε is the angle relative to aperture centerline. This expression integrates to the simple result:
A more realistic analysis must account for finite aperture thickness, grid curvature, and the presence of two grids. 1 The two cylindrical apertures that a neutral particle must pass through to escape the discharge chamber present a difficult problem to model. Fortunately, Kuharski et al. modeled a two cylindrical aperture set that had a geometry that was very similar to that of the NEXT thruster (Ref. 22) . They found that the angular distribution of particles exiting the accelerator grid was well modeled by assuming a single accelerator grid cylindrical aperture. This simplification was possible because of the large screen aperture diameter and low thickness relative to that of the accelerator grid. This same simplifying assumption will be exploited here.
Clausing was the first to develop an expression for the angular distribution of particles downstream of a cylindrical aperture (Ref. 
1 Analysis by George Soulas.
Here, t is the accelerator aperture thickness, ε is the angle that the velocity makes with the aperture centerline, and R is the accelerator grid aperture radius. The contribution to C cf from a single aperture is obtained from:
The total C cf can be found by correcting the contribution per hole for off-axis thrusting due to grid curvature: (15) where ψ is the angle from grid centerline and ψ max is the angle to the edge of the accelerator grid perforated pattern. This analysis assumes that the upstream neutral density is uniform over the grid. For a NEXT accelerator grid, the correction factor C cf is found to be 0.720.
Measured values of cold flow "discharge only" thrust (no flow to the neutralizer) are shown in Figure 8 . These measurements were obtained by cycling the flow on and off and noting the change in thrust stand inclination. Six readings were taken and averaged at each flow rate. The selected flow rates correspond to thrust levels (TLs) 12, 27, and 40. Measurements were taken after the thruster sat under steady vacuum conditions overnight and prior to the application of any electrical power. The thrust stand frame temperature was -11 °C, and this was taken to be the temperature of the thruster, and of the neutral gas. By including the point (0,0) and fitting the data to a straight line, we obtain C cf = 0.74.
Neutralizer Only
Neutralizer thrust was measured (again by cycling on and off) for the case of warm neutral flow (heater at the ignition current level, but no plasma) and for a 3 A keeper discharge. The measurements include a correction factor of 2.0 to account for the difference between the neutralizer-to-pivot moment arm and that between the point of application of the calibration weights (thruster centerline) and the pivot. We will attempt to model both cases using a continuum fluid approach (neutralizer internal pressure ~ O(10) Torr), and will consider a purely thermal thrust mechanism, for which thrust can be estimated from:
where F n is the neutralizer thrust, ṁ n is the neutralizer flow rate, u e is the effective exhaust velocity, p e is the pressure at the neutralizer exit aperture, and A e is the exit aperture area (ambient pressure is assumed to be negligible). If we assume an isentropic expansion to Mach number = 1 at the exit plane, we obtain:
where k is the ratio of specific heats, R is the specific gas constant, and T o is the gas stagnation temperature. For the warm flow case, at a xenon flow rate of 10 sccm and assumed stagnation temperature of 1100 °C, Equation (17) yields a predicted thrust of 0.52 mN. The measured value at 10 sccm (average of 5 measurements) was also 0.52 mN, with an estimated uncertainty of 16 percent. 10 sccm is a larger than nominal neutralizer flow, and was selected to improve the measurement signal-to-noise ratio without any expectation of altering the physics.
For the case of a 3 A keeper discharge (heater turned off), the flow rate was 6 sccm, and the measured thrust (average of 6 measurements) was 0.41 mN with an estimated uncertainty of 18 percent. At F n = 0.41 mN and ṁ n = 6 sccm, Equation (17) 
Discharge Only with Plasma
Thrust was measured with power supplied to the main discharge chamber, but with the screen and accelerator grid power supplies turned off. The neutralizer ran continuously at 6 sccm with a 3 A keeper discharge during this experiment, while the main discharge (power and flow) was cycled on and off to determine its contribution to thrust. Main discharge run times were kept short (less than 1 min) to minimize heating of the thrust stand in an attempt to avoid thermal drifting. Nevertheless, thermal drifting was observed to be significant on the time scale of the measurements, probably as a result of changes in electrical cable tension. The contribution to the change in thrust stand inclination due to the cables was estimated in the following way. Following shut-down of the main discharge power and flow, the rate of change of thrust stand inclination with time was determined at a point at which the gas flow had diminished to 5 to 10 percent of its steady value, as determined by vacuum chamber pressure readings (thrust assumed to be negligible at that point). This rate was assumed to apply during the period of thrust cessation, and was multiplied by the time required to get to 5 to 10 percent of steady flow to obtain the contribution from the cables. This was then subtracted from the total inclination change over that same period to obtain the main discharge contribution. In our error analysis we arbitrarily assigned an uncertainty of 50 percent to the inclination change due to the cables. Results are shown in Figure 9 for a range of "discharge only" power levels spanning those found in the nominal throttle table. Flow rates and discharge currents are listed with each data point. Each point represents the average of 2 to 5 measurements. It is evident that thrust scales linearly with discharge power, and that the values are significantly greater than those found with cold flow (Fig. 8) . If we assume that thrust is generated by the escape of thermal neutrals and apply the analysis from Section 4.1 (with C cf = 0.74), we find that neutral temperatures from 2100 to 5600 °K are required. This finding conflicts with the common assumption that the neutral gas accommodates to the thruster operating temperature (Ref. 29) , which for NEXT does not exceed approximately 530 °K in the steady state (Ref. 30 ). Nevertheless, this mechanism appears to be plausible since ion temperatures from approximately 5000 to 15000 °K have been measured in an ion thruster discharge chamber at a discharge power of 325 W (Ref. 31) . Hot neutrals could be created by Xe + -Xe elastic or charge exchange collisions. We estimate the mean free paths for these processes to be 5 to 6 cm (Refs. 32 and 33), considerably smaller than NEXT discharge chamber dimensions.
Other non-thermal mechanisms appear to be less plausible. With the screen and accelerator grid power supplies off, the anode and accelerator grid are at the same potential (the screen supply is tied between the anode and neutralizer, and the accelerator supply is referenced to the neutralizer), and ions created near anode potential are unlikely to escape. High energy neutrals can be produced by charge exchange with ions accelerating through the sheath upstream of the screen grid, but with Debye lengths on the order of 0.01 to 0.1 mm (Ref. 34) , sheath thickness on the order of 10 Debye lengths (Ref. 35) , and estimated charge exchange mean free paths on the order of 10 cm for a 25 eV ion, this mechanism is estimated to account for less than 10 percent of the observed thrust. Ions created in the vicinity of the cathode with energies (relative to the cathode) in excess of the discharge voltage could escape directly, or do so as neutrals following charge exchange collisions, however for cathodes studied in simulated discharge chamber environments those ions tend not to be axially directed (Refs. 36 to 38).
Ion Beam
Thrust due to ion beam extraction was measured for the complete 40-level throttle table by the load cell method described in Sections 2.0 and 3.0. Sample raw data (6 on-off cycles) from thrust level (TL) 32 are shown in Figure 10 . Six measurements were taken at each TL, with the exception of TLs 5, 9, 13, and 18, for which 11, 18, 7, and 7 measurements were taken respectively. The neutralizer ran continuously at 6 sccm with a 3 A keeper discharge during this experiment. The thruster was warmed up daily prior to data collection by operating at either TL5 or TL9 for 3.5 to 4 hr, or at TL37 for 2 to 2.5 hr. Table 1 lists typical values and uncertainties for the parameters involved in data reduction. The quoted uncertainties for the various lengths (except δ) reflect the practical difficulty of making measurements on and around the thruster. The uncertainty in δ is the displacement observed to occur as a result of vacuumatmosphere cycling on the facility. Noise on the inclinometer output determined the uncertainties in θ avg and ∆θ, and that in ∆F C was determined by the accuracy of the scale used to weigh the calibration weights. The results of the load cell calibration (∆F S ) show an average uncertainty of 0.14 percent over the tested range (24.6 to 241 mN). Thrust uncertainty was dominated by terms containing δ, a situation which, in hindsight, could have been most easily avoided by using a longer braided line. 
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Total Thrust
Total thrust was calculated by summing the contributions from ion beam extraction (Section 4.4), the main discharge without beam extraction (Section 4.3), and the neutralizer without beam extraction (Section 4.2). Main "discharge only" thrust was determined by applying the linear fit shown in Figure 9 to measured "discharge only" power at each TL. No attempt was made to apply a correction for the fact that the discharge chamber was not at a steady state temperature during the measurements of discharge only thrust. This is rationalized by our conjecture (Section 4.3) that the neutral temperature in the main body of the discharge is not governed by the thruster operating temperature. We should note that in our comparison to the TT10 values, the neutralizer thrust contribution is applied in an approximate manner. The neutralizer flow rate of 6 sccm differs from the nominal TT10 values, which range from 2.5 to 4.0 sccm (6 sccm was chosen to ensure that the keeper discharge would not extinguish during extended periods with no ion beam extraction). Also, the change in neutralizer thrust between operation with and without ion beam extraction was only partially captured (due to the smaller neutralizerpivot moment arm) by the measurements from Section 4.4. Fortunately, neutralizer thrust is small, and these inaccuracies are likely to fall within the quoted total thrust measurement uncertainties.
The data from Table 2 are plotted in Figure 11 . The structure in the "difference" traces is nearly identical in form to that of the thrust correction factor due to beam divergence (β) calculated from plume data recorded at The Aerospace Corporation (Fig. 12 ). This implies a proportionality between the two, and suggests the need for additional plume measurements to improve the fidelity of β. Another explanation for the difference trace structure which seems less probable (because it doesn't explain TLs 2-5) is that the true ion beam current was reduced due to backstreaming of plume electrons to the anode. Backstreaming, possibly through the perforated ground screen, is favored by increasing beam supply voltage. Figure 13 compares thrust correction factors (γ) obtained from thrust stand measurements to those derived from plume current density and charge-state measurements made at The Aerospace Corporation (Ref. 2) , and to the NASA TT10 values. γ accounts for thrust losses due to beam divergence and multiply-charged ions, and is defined by the well-known expression for the thrust F of an ion engine:
where J b is the ion beam current, V b is the ion beam voltage (not equal to V bps ), m is the ion mass, and q is the elementary charge. The V b values needed to calculate γ from thrust stand measurements were obtained from the NASA TT10. Plotting γ allows us to observe that the error bars for the thrust stand derived values and those calculated from plume data overlap for the entire throttle table with the exception of TL37. This is remarkably good agreement for measurements made by independent methods. Figure 14 shows measured thrust as a function of discharge chamber propellant utilization (ratio of ion beam current to discharge chamber mass flow expressed in equivalent amperes) for TL9 (nominal discharge propellant utilization for TL9 is 93 percent). Declining thrust with increasing utilization is consistent with data from Reference 2 which show that the total doubly ionized current fraction (J ++ /J + ) increases from approximately 2 to 9 percent over the same range of utilization.
Conclusion
Direct thrust measurements have been made on the NASA NEXT ion engine and compared to the NASA throttle table 10 (TT10) for the full set of 40 throttle levels (TLs), as well as for a few off-nominal operating conditions. Measurements differ from the nominal TT10 values by 3.1 percent at most, while at 30 TLs the difference is less than 2.0 percent. When measurements are compared to the TT10 values corrected with ion beam current density and charge state data obtained at The Aerospace Corporation, they differ by 1.2 percent at most, and by 1.0 percent or less at 37 TLs. Comparison of thrust correction factors (γ) calculated from direct thrust measurements to those calculated from The Aerospace Corporation's plume data agree to within measurement error for all but one of the throttle levels.
Measurements of cold flow thrust and thrust with plasma present but without ion beam extraction have been made for the main discharge and neutralizer. In all cases thrust is postulated to arise from the escape of thermal neutrals, and analytical expressions are given that allow accurate thrust estimation if the neutral gas temperature is known.
